Introduction: Structure and phylogeny of the low stringency screening using Drosophila homeobox probes Hox complexes (Carrasco et al., 1984; McGinnis et al., 1984) . Since then, many additional genes have been identified, both in Drosophila The concept of homeosis was defined a century ago by Bateson and vertebrates, containing homeobox sequences that do not to describe natural variants of animal species where certain always belong to the prototypic Antennapedia-like class body parts exhibit morphological features typical of other (Duboule, 1994 and references therein) . In vertebrates, only regions (Bateson, 1894; see also Lewis, 1994) . Homeotic those genes containing an Antennapedia (HOM gene)-related (HOM) genes were first cloned in the fruit fly Drosophila homeobox are termed Hox genes and are the topic of this melanogaster as genes whose mutations lead to genuine review. Such genes have been extensively searched for in two homeotic transformations of specific segments along the mammalian genomes (mouse and human) and altogether 39 anterior-posterior (A-P) body axis (Lewis, 1978; Hox genes have been identified in each case. All these genes 1987). There are eight such genes clustered in two distinct are clustered in four genomic loci, the Hox-A, -B, -C and -D loci of the third chromosome, the Antennapedia (Ant-C) and complexes, each about 120 kb long in the mouse (Duboule Bithorax (Bx-C) complexes. It is well established that McGinnis and Krumlauf, 1992; Duboule, 1994 ; genes are expressed and act in successive segments along the Zeltser et al., 1996) . Sequence comparisons of both homeobox A-P axis of the developing embryo (Figure 1 ). The presence and overall coding regions subdivide the Hox gene family into of two HOM complexes seems to be a unique feature of 13 groups of highly related genes, referred to as paralogues diptera. Indeed, a single gene cluster containing orthologues and designated by the same number (Scott, 1992) . Paralogous of both Ant-C and Bx-C genes was isolated in the coleopteran genes are located at the same relative position in their respective Tribolium castaneum (Beeman, 1987) and the nematode complex and, therefore, can be aligned vertically in schematic C. elegans (Bürglin et al., 1991; Wang et al., 1993) , which representations ( Figure 1 ). Each of the Drosophila HOM genes likely reflects the organization of the ancestral HOM complex is more closely related to one or several groups of paralogous (see Figure 1) .
Hox genes (Figure 1 ). This further indicates that the fruit fly HOM genes are characterized by a conserved 183 base pair HOM complexes resulted from the splitting of an ancestral (bp) DNA sequence, the homeobox (Gehring, 1987) . Their complex, whereas the four mammalian complexes derived products act as regulatory transcription factors which bind from large scale duplication events of this ancestral complex specific DNA sequences via their 61 amino acid homeodomain (see Figure 1 ). Another remarkable feature of vertebrate Hox . The first vertebrate homeoboxcontaining genes were identified in mouse and Xenopus by complexes is that all genes are transcribed from the same DNA strand along each complex. This allows the assigning of species such as the chick, Xenopus and zebrafish, and current knowledge indicates that the number and organization of their a general 5Ј→3Ј orientation to each complex, corresponding to the direction of transcription.
complexes is very similar to those of mammals (e.g. Izpisùa-Belmonte et al., 1991a; van der Hoeven et al., 1996) . The Hox complexes have been characterized in other vertebrate duplication events of an ancestral HOM/Hox complex seem tially over about half a day during late gastrulation/early somitogenesis (Izpisùa-Belmonte et al., 1991b) . Note that the to be related to early steps of vertebrate evolution since the genome of an Amphioxus species (which belong to the same genes are also sequentially activated at later stages in the developing limb buds (see section IV). Thus, the spatial cephalochordates, a sister taxon of the vertebrates) appears to possess a single Hox gene complex (Holland and Garcia- colinearity of expression domains may be the consequence of a 'temporal colinearity', i.e. a 3Ј→5Ј sequence of Hox gene Fernandez, 1996) .
Murine and Drosophila Hox/HOM genes not only share activation in the primitive streak region or the limb buds. The interspecies conservation of both the structure and Asome common structural features, but also clear analogies in their expression patterns. As their Drosophila counterparts, P expression domains of HOM/Hox genes has led to the proposal that the entire animal kingdom, or at least all animals murine Hox genes are expressed in restricted domains along the A-P (rostro-caudal) axis of the embryo (for references see with bilateral symmetry, may be defined by the presence of a functional HOM/Hox complex establishing spatially ordered Dollé and Duboule, 1993) . They actually display sharp, specific rostral boundaries of expression while transcript levels decrease patterns of gene expression along the body axis (Slack et al., 1993; Davidson et al., 1995) . These expression patterns, more gradually towards the posterior extremity of the body. There is a strict relationship between the chromosomal order defined as the zootype, are supposed to provide a series of morphogenetic spaces generated by region-specific expression of the genes and their expression domains: the more a gene is 5Ј-located, the more its expression boundary (and therefore its of regulatory transcription factors (Slack et al., 1993) . This regulatory programme would be a major achievement of animal expression domain) is posterior ( Figure 1 ). Such restricted, partially overlapping expression domains are found in various evolution, allowing the transition from cnidarians to more complex, 'bilaterian' metazoans, i.e. the flatworms, protogerm layer derivatives including the central and peripheral nervous system (see section II) and various mesodermal stomes and deuterostomes (Davidson et al., 1995) . The zootype may thus be considered as a basic molecular mechanism for derivatives such as the prevertebrae (see section III) or the developing digestive and genito-urinary tracts (see section V).
generating the body plan in most metazoan phyla. It also has a rich potential to allow evolutionary alterations of the body However, there is usually a shift between the transcript boundaries of a given gene in neuroectoderm versus mesoderm plan, through the following mutational changes: (i) variations in the number of homeotic genes, by deletion and/or duplication derivatives, the latter being more posterior. The relationship between the physical order of the genes and spatial extent of of homeotic gene(s) within the HOM/Hox complex; (ii) increase in the number of Hox complexes through whole their expression domains has been termed 'spatial colinearity' (Duboule and Dollé, 1989; Graham et al., 1989) . It is believed complex duplication events, as postulated for prochordate/ vertebrate evolution; (iii) mutations affecting the timing, posito result from successive activation of the genes along the Hox complexes. The earliest expression of Hox genes can be tion or level of homeotic gene activation, which may be most relevant to generate small adaptative changes; (iv) alterations detected at the gastrulation stage (e.g. Gaunt, 1987; Deschamps and Wijgerde, 1993) . The most accurate studies (performed of the regulatory interactions between Hox proteins and their targets, through mutations of the coding sequence of HOM/ on chick embryos) have shown that expression of a given Hox gene first appears in the posterior part of the primitive streak
Hox genes. Mutations of a homeodomain sequence can affect, qualitatively or quantitatively, the protein affinity for some and then spreads into more anterior cells to reach its final boundary rostrally to Hensen's node (Sundin and Eichele, DNA binding sites (e.g. Gehring et al., 1994) , whereas mutations in other regions could alter the transactivation 1992; Gaunt and Strachan, 1994) . It has therefore been suggested that the posterior region of the primitive streak properties or protein-protein interactions with other (yet unknown) factors. could be the source of a signal ('morphogen') responsible for the primary activation of Hox genes (Gaunt and Strachan, One key question in HOM/Hox gene function is that of their 'downstream' target genes. Extensive work on Drosophila 1994). Sequential activation of these genes (in a 3Ј to 5Ј direction along the complexes) could explain the establishment has yielded only few examples of target genes directly regulated by HOM proteins (Gould et al., 1990) . Most of the characterof progressively more posterior boundaries of expression. Although sequential appearance of 3Ј-located gene transcripts ized HOM protein binding sites were actually discovered in the promoters of some HOM genes, suggesting possible could not be documented, 5Ј-located HoxD genes (Hoxd-9 to d-13), whose expression boundaries span the entire developing autoregulatory or cross-regulatory interactions between HOM genes and their products which were shown, in some cases, lumbar and sacral regions, were shown to be activated sequen- to occur in vivo (McGinnis and Krumlauf, 1992 and references of regulatory proteins can control morphogenetic processes. Indeed, distinct Hox proteins would be expected to have therein). There are even fewer examples of target binding sites for murine Hox proteins: these have only been found in complex and partly overlapping repertoires of target sequences, given the recent examples of partly redundant functions in vivo promoter regions of some Hox genes (Zappavigna et al., 1991; Pöpperl and Featherstone, 1992; Pöpperl et al., 1995) or genes (see below). In this review, we shall not further describe the structural encoding adhesion molecules (N-CAM: Jones et al., 1992; L-CAM: Goomer et al., 1994) . The identification of additional aspects of Hox genes/complexes or the biochemical properties of the Hox proteins. We would like to review current knowledge target genes will be required to understand how this family on the roles of Hox genes during mammalian embryogenesis. autonomous, i.e. remained as in the site of origin (Guthrie et al. , Impressive data have accumulated in recent years using the 1992; Kuratani and Eichele, 1993 (Grapin-Botton et al., 1995; Itasaki et al., 1996) . model systems such as the chick and zebrafish embryo will Ablation of the rhombencephalic neural crest at a time when also be discussed.
the neuroepithelium can produce new NCC to compensate for the loss resulted in normal patterns of Hox gene expression and normal pharyngeal arch morphogenesis in the 'regenerates'
Hox gene function in the developing hindbrain (Hunt et al., 1995 Dollé et al., 1993a; Mark et al., 1993) . Other defects in that contribute both to cranial nerves and ganglia (neurogenic Hoxa-1 -/-mice were alterations of the inner ear and some cranial NCC) and to the skeletogenic pharyngeal arch mesenchyme nerves, which might be consequences of the rhombencephalon (mesectodermal NCC), represent true segmental units (Fraser shortening . The mesectodermal NCC derivatives of r4 were et al ., 1990) . Interestingly, the 3Ј-located ('anterior') Hox normal, suggesting that the function of Hoxa-1 is restricted to genes display expression domains whose rostral limits, in the the neuroepithelium per se, at the level of its most rostral hindbrain, match rhombomere boundaries with a general twodomain of expression. Two hypotheses have been proposed to segment periodicity (Wilkinson et al., 1989; Figure 2A) . With explain the effect of the Hoxa-1 loss-of-function (Mark et al., the exception of rhombomere 2, the same set of Hox genes is 1995). The phenotypic specification of some of the prospective expressed in a given rhombomere and in the NCC population r4 and r5 cells might be altered, such that these cells would that derives from it (Hunt et al., 1991;  Figure 2A ). Rhombomere either degenerate or take part in the development of neightransposition experiments in the chick have led to contrasting bouring rhombomeres. Such partial homeotic transformations results: when a rhombomere was transplanted in a more rostral territory, its Hox gene expression pattern appeared to be cellof r4 and r5 would be consistent with the fact that ectopic Histologically, only five rhombomeres can be seen in Hoxa-1 -/-mutants, the facial-acoustic and glossopharyngeal ganglia are abnormally close and the otic vesicles too distant from the neuroepithelium. These defects reflect the almost complete absence of rhombomeres 4 and 5, as revealed by the analysis of Krox-20 and Hoxb-1 expression patterns (schematized by grey bars). (C) Homeotic transformations of pharyngeal neural crest-derived skeletal elements in Hoxa-2 -/-mutant newborn mice. Skeletal elements derived from the first arch mesectoderm are in grey, and those derived from the second arch are in black. Hoxa-2 -/-mutants most likely exhibit homeotic transformation of second arch-derived elements into first arch-like structures. Abbreviations: G7-8 ϭ facial-acoustic (cranial nerve 7-8); G9-10 ϭ ganglion complex glossopharyngeal and vagus (cranial nerve 9-10) ganglia; r1-r7 ϭ rhombomeres 1 to 7; ov ϭ otic vesicle; pa1-6 ϭ pharyngeal arches 1 to 6. Skeletal elements: AS ϭ alisphenoid bone; D ϭ dentary bone; G and G* ϭ wildtype and mutant (altered) gonial bone respectively; I and I2 ϭ orthotopic and ectopic incus respectively; LH ϭ lesser horn of the hyoid bone; M and M2 ϭ orthotopic and ectopic malleus respectively; MC and MC2 ϭ orthotopic and ectopic Meckel's cartilage respectively; P and P2 ϭ orthotopic and ectopic pterygoid bone respectively; PL ϭ palatine bone; PQ ϭ pterygoquadrate cartilage; S ϭ stapes; SL ϭ stylohyoid ligament; SQ and SQ2 ϭ orthotopic and ectopic squamosal bone respectively; SY ϭ cartilaginous anlage of the styloid bone; T and T2 ϭ orthotopic and ectopic tympanic bone respectively; X ϭ maxillary bone. Panels (A), (B) and (C) were adapted from Rijli et al. (1993) , Dollé et al. (1993) and respectively.
expresson of Hoxa-1 in transgenic mice can lead to the committed neuronal precursors might explain the ectopic location of facial motor neurons found in some Hoxa-1 -/-transformation of r2 in a r4-like identity (Zhang et al., 1994) . An alternative hypothesis is that Hoxa-1 might act even earlier mutants (Carpenter et al., 1993) . That Hox genes might play a role in the process of hindbrain segmentation seems to during segmentation of the hindbrain. Hindbrain segmentation normally begins with the formation of two constrictions that contradict the fact that segmentation of the Drosophila embryo does not involve the HOM genes (Lawrence, 1992) . Since no delineate the r4-r5 territory. The inactivation of Hoxa-1 might disrupt the formation of these mechanical boundaries, or vertebrate homologues of the Drosophila gap or pair-rule segmentation genes could be identified (with the exception of alternatively might cause the loss of specific adhesive properties of pre-r4 and r5 cells, which may thus mix with precursor the Krox-20 gene; Schneider-Maunoury et al., 1993; Swiatek and Gridley, 1993) , some aspects of hindbrain segmentation cells of neighbouring rhombomeres. Abnormal cell mixing of Duboule, 1993 or Duboule, 1994) . Only anterior transcript boundaries are represented, although some genes were reported also to display posterior expression boundaries. Lighter shadings have been placed arbitrarily to illustrate a general trend towards decrease in expression levels in posterior prevertebrae. Genes whose knockout phenotypes are illustrated below are indicated by shaded boxes. Abbreviations: OB ϭ occipital bone; C1-C7 ϭ cervical vertebrae; T1-T13 ϭ thoracic vertebrae; L1-L6 ϭ lumbar vertebrae; S1-S4: sacral vertebrae; Ca1-Ca3 ϭ caudal vertebrae. (B) Homeotic transformations of cervical vertebrae in neonate mice with single or compound disruptions of genes belonging to homology group 4 . The extents and types of vertebral transformations can be assessed by the presence of three main morphological features: the anterior arch of the atlas (aaa), the dens of the axis (da) and the anterior tuberculi (at), which are characteristic of vertebrae C1, C2 and C6, respectively, in wild-type mice. All transformed vertebrae are indicated by asterisks. Light grey indicates vertebrae with a 'single-step' transformation (transformed towards the identity of the anterior-next neighbour in wild-type), and dark grey indicates vertebrae with a transformation of more than one step. Note that most triple homozygous mutants lack anterior tuberculi on 'C7'. This may represent either a lack of transformation, or a transformation of C7 to C5. Scheme adapted from Horan et al. (1995) . (C) Homeotic transformations of lumbar and sacral vertebrae in adult mice with single or compound disruptions of the Hoxa-9, Hoxd-9, Hoxa-10 and/or Hoxd-11 genes. All transformed vertebrae (*) display the morphological features of their anterior-next neighbour in WT, according to various landmarks such as the presence of supernumerary ribs indicating an L1→T13* transformation, the location and morphology of sacral transverse processes, the fusion between vertebral bodies typical of sacral vertebrae (dashes) and other landmarks of lumbar vertebrae not drawn here. Light grey indicates transformations with incomplete penetrance and dark grey, fully penetrant transformations. Scheme adapted from . could involve other gene networks such as the Hox family.
A common conclusion to these loss-of-function studies is that, even though the phenotypic alterations can occur in However, the present data indicate that Hox genes are not indispensable for the formation of all rhombomere boundaries different tissues or cell lineages, they are restricted to the most anterior part of the corresponding gene expression domains. since: (i) there is no Hox gene expressed in the developing r1; and (ii) disruption of the only Hox gene expressed in r2
This observation supports the model of 'posterior prevalence' which, by analogy with the functional hierarchy existing (Hoxa-2) does not affect the formation of this rhombomere (Gendron-Maguire et al., 1993; Rijli et al., 1993) .
between Drosophila HOM genes, postulates that the function(s) of 3Ј-located Hox genes are overridden by those of more 5Ј-The Hoxa-2 targeted mutation did not appear to affect the neuroepithelium or the gangliogenic neural crest, but instead located genes in regions where they are co-expressed (Duboule, 1991; Lufkin et al., 1991; Duboule and Morata, 1994 ; see altered the specification of mesectodermal (skeletogenic) NCC of the second pharyngeal arch Gendronsection III) . The transformation seen in Hoxa-2 mutants suggests that this gene acts as a 'selector gene' to trigger a Maguire et al., 1993) . Hoxa-2 -/-mutant fetuses specifically lacked the skeletal elements that normally derive from the specific morphogenetic programme in the second pharyngeal arch. Indeed, there is no Hox gene expressed in the first mesectoderm of the second arch (the stapes, styloid bone and lesser horn of the hyoid bone), but instead possessed an arch mesectoderm, but increasing combinations of Hox gene products toward posterior pharyngeal arches ( Figure 2A ). One additional caudal set of membranous and endochondral bones that mimicked first arch derivatives (the malleus, incus, can therefore postulate that such combinations have allowed the emergence of diversified skeletogenic patterning programs tympanic and squamosal bones) and were arranged as mirrorimages of their orthotopic counterparts ( Figure 2C ). In addition, in pharyngeal NCC of agnathan (jawless vertebrate) ancestors. In this view, the 'ground' (or default) skeletogenic program one of the ectopic elements did not have an orthotopic counterpart and was identified as a pterygoquadrate cartilage would correspond to that of the first arch NCC, which itself has evolved independently from Hox gene function during the (an element of the reptilian upper jaw). Thus, Hoxa-2 loss-offunction also resulted in the appearance of an atavistic trait transition towards gnathostomes (jawed vertebrates) (see for further discussion). (found in ancestral or phylogenetically-related animals). As both the morphology and 'molecular identities' of rhombomeres and pharyngeal arches appeared normal, the Hoxa-2 -/-Hox genes and axial skeleton patterning phenotype was interpreted as an anterior homeotic transformation of second arch skeletal derivatives into first arch-like Retinoic acid, the active metabolite of vitamin A, is a potent teratogenic agent and is believed to be an endogenous signalling elements. This homeotic transformation was clearly incomplete, since several first arch-derived skeletal elements, such molecule during vertebrate development. Its biological effects are mediated by nuclear receptors which act as ligand-inducible as the distal upper and lower jaw skeleton and the teeth, were not 'duplicated' in Hoxa-2 -/-mutants. NCC lineage studies in transcription factors (e.g. Mangelsdorf et al., 1994; Kastner et al., 1995) . Systematic studies in embryonal carcinoma cell the chick embryo (Noden, 1988 and references therein) suggest that the 'duplicated' structures in Hoxa-2 -/-mutants mimic lines have shown that retinoic acid treatment results in the sequential activation of Hox genes in a 3Ј→5Ј direction along those normally produced by the rostral rhombencephalic (r1/ r2-derived) NCC, but not by the caudal mesencephalic NCC. the complexes (Boncinelli et al., 1991 and references therein) . In-vivo administration of retinoic acid to mice embryos at The mutant phenotype could thus be defined as the transformation of r4-derived skeletogenic NCC into r1/r2-like NCC. An 7.5 dpc, during gastrulation, leads to posterior homeotic transformations of vertebrae, whereas treatment at 8.5 dpc, explanation for the incomplete character of the transformation is that the paralogous Hoxb-2 gene, which is also expressed during somite differentiation, leads to anterior homeotic transformations (Kessel and Gruss, 1991) . The expression of several in r4-derived NCC, may still exert a 'posteriorizing' effect in these cells. This hypothesis could be tested experimentally by
Hox genes has been studied in embryos which had been administered retinoic acid at 8.5 dpc, and their anterior generating Hoxa-2 -/-/Hoxb-2 -/-double mutants.
Hoxa-3 -/-mutant mice exhibited agenesis of structures expression boundaries were found to be anteriorized in correlation with the subsequent morphological transformations generated by r6 and r7-derived mesectodermal NCC including the thymus and parathyroid glands and the carotid arteries (Kessel, 1992) . These experiments gave support to a model stating that the combinations of various Hox gene products (Chisaka and Capecchi, 1991; Manley and Capecchi, 1995) . In contrast, disruption of the paralogous gene Hoxd-3 had no ('Hox codes') co-expressed in a given sclerotome (the somitic cell population from which vertebrae and ribs originate; Figure detectable effect on mesectodermal NCC derivatives, but affected the morphogenesis of the first vertebra, the atlas 3A) would specify the final morphology (Kessel and Gruss, 1991) . By shifting Hox gene expression domains, retinoic acid (Condie and Capecchi, 1993) . Although Hoxa-3 -/-and Hoxd-3 -/-mutants had no defects in common, the generation of would modify the 'Hox codes' of some prevertebrae, leading to homeotic transformations. Most authors envisage that such Hoxa-3 -/-/Hoxd-3 -/-compound mutants led to a drastic exacerbation of the Hoxd-3 null phenotype with complete agenesis combinations are intra-cellular (homeoprotein expression being homogeneous among cells of a given sclerotome), although of the atlas (Condie and Capecchi, 1994) . This study demonstrated that two paralogous gene products can have partly there is evidence for a mosaic expression pattern of certain homeogenes, especially toward their most rostral domains of redundant functions in the skeletogenic component of the somitic mesoderm (see also section III).
expression (Tiret et al., 1993) . Thus, combinatorial effects may also result from distinct inter-cellular combinations bour; and (ii) the transformed vertebra(e) usually derived from the most anterior subset of the somitic/sclerotomal expression (mosaicism) of Hox gene expression in the sclerotomes.
An alternative model was proposed according to both the domain of the corresponding gene. All these studies clearly established that the Hox gene family is used to specify regional functional hierarchy existing among HOM gene products in Drosophila and the results of initial Hox targeting studies identity along the developing vertebral column, and that 5Ј-located genes do provide information for the specification of (Chisaka and Capecchi, 1991; Lufkin et al., 1991) . These suggested that the functions of 'posterior' (5Ј-located) genes more posterior vertebral identities. More recent studies reported the analysis of compound Hox were prevalent over those of more 'anterior' (3Ј-located) Hox genes and, therefore, that the most 'posterior' Hox gene mutants (simultaneously lacking two or more Hox proteins) produced by genetic intercrosses. These studies demonstrated expressed at a given A-P level would dictate the morphogenetic programme (the 'posterior prevalence' model; Duboule 1991; the existence of partial functional redundancy between paralogous (Condie and Capecchi, 1994; Horan et al., 1995; Duboule and Morata, 1994) .
Numerous experiments have been performed to alter Hox or non-paralogous (Rancourt et al., 1995; Hox genes for the specification gene expression in vivo, either by generating ectopic expression of a given homeogene in transgenic mice, leading to gain-ofof vertebral identities. A clear example is provided by compound mutants for the paralogous genes Hoxa-4, Hoxb-4 and function, or by generating Hox gene loss-of-functions through the gene targeting technique. Most of the gain-of-function
Hoxd-4 (Horan et al., 1995) . In mutants for either two of these genes, the axis (C2) acquires a morphological feature (an experiments supported the model of 'posterior prevalence', since they showed that ectopic expression of a single Hox anterior arch) characteristic of the atlas (C1). Analysis of compound mutants with increasing numbers of disrupted alleles gene caused posterior transformations in the region of ectopic rostral expression (Kessel et al., 1990; Lufkin et al., 1992;  showed a gene dosage-dependent increase in the number of vertebrae acquiring an anterior arch, including the second Charité et al., 1995) . Lufkin et al. (1992) Figure 3B ). Furtherfirst cervical somite (giving rise to the first cervical vertebra), by placing it under the control of the Hoxa-1 promoter active more, other signs of anterior transformations were observed in vertebrae C2, C3, C6 and C7 of double or triple homozygous in more anterior (occipital) somites, which normally give rise to the occipital bones of the skull (see Figure 3A) . The mutants ( Figure 3B ). The transformations of vertebrae C2 and C3 are in agreement with the 'posterior prevalence' model. resulting transgenic fetuses displayed homeotic transformation of the occipital bones which acquired features of cervical However, the transformations observed more caudally were unexpected according to this model, since more 'posterior' vertebrae. The affected region of the skull corresponds to the neocranium, which does not exist in agnathans (primitive (5Ј-located) Hox genes are expressed at these levels. These data, as well as other examples of Hox mutant vertebral jawless vertebrates, whose existing species include the lampreys) where occipital somites develop into vertebrae (de Beer, phenotypes, led to a reinterpretation of the 'posterior prevalence' model, stating that the functional dominance of posterior 1985). Occipital bones are believed to have arisen by the assimilation of the four first vertebrae of agnathans into the (5Ј) over anterior (3Ј) Hox gene products is not absolute, but that the balances between the concentrations of various Hox skull, during the evolutionary transition toward gnathostomes (jawed vertebrates). These results led to the conclusion that proteins are critical (perhaps by direct competition of Hox proteins for partly overlapping sets of target genes). This Hoxd-4 would act as a 'selector gene' for cervical vertebral identity. It was further speculated that a function of the 'quantitative posterior prevalence' (Duboule and Morata, 1994) , which actually integrates aspects of the combinatorial ancestral Hoxd-4 gene might already have been to specify vertebral development in the occipital somites of primitive code model, may be the most realistic interpretation of the action of Hox genes in vertebral patterning. Indeed, in such a agnathan fishes. During gnathostome evolution, a posterior shift of Hoxd-4 expression toward cervical somites might have view, combining mutations of Hox genes with similar anterior boundaries of expression is expected to produce stronger allowed the evolution of the neocranium skeleton from occipital somites, perhaps under the control of more anteriorly expressed anteriorizing effects, as seen in triple Hoxa-4/Hoxb-4/Hoxd-4 compound mutants. As expected too, these effects are progressHox genes. The fact that an atavistic transformation of the craniocervical junction was also observed upon ectopic expresively moderated towards more posterior cervical vertebrae where increasing amounts of 5Ј-neighbouring (posterior) Hox sion of Hoxa-7 in transgenic mice (Kessel et al., 1990) further suggests that the control of spatial patterns of Hox gene genes are present. 'Quantitative' posterior prevalence is also consistent with the phenotype of mice harbouring a human expression has been a key feature in the evolution of vertebral morphogenesis.
Hoxc-6 transgene driven by its own promoter (Jegalian and De Robertis, 1992) . In this case, vertebral transformations The majority of Hox gene inactivation studies have reported homeotic transformations of vertebrae at various rostro-caudal were generated posteriorly to the normal expression domain of Hoxc-6, probably as a result of high expression levels of levels (e.g. Le Mouellic et al., 1992; Jeanotte et al., 1993) , with the following recurrent observations: (i) vertebral transthe transgene. Whereas individual knockouts of 3Ј-located genes usually formations were almost always anterior, such that the transformed vertebra (or each vertebra in the transformed region) affect the identity of single cervical vertebrae (e.g. RamirezSolis et al., 1992; Condie and Capecchi, 1993) , disruptions of had the morphology of its anterior (rostral) wild-type neigh-genes expressed at the thoracic, lumbar or sacral levels can ancient tetrapods. The evolution of the axial skeleton from rhipidistian fishes to tetrapods involved regionalization of the lead to much more extended transformed vertebral regions. In Hoxd-11 -/-mutants, all vertebrae from the fourth lumbar to (at vertebral column with the acquisition of distinct morphologies of the cervical, thoracic and lumbar vertebrae. Pollock et al. least) the first caudal vertebra are anteriorly transformed ( Figure 3C ). However, this phenotype is not fully penetrant (1995) suggested that this regionalisation of vertebral identities involved Hox gene functions that have evolved according to and~50% of the Hoxd-11 -/-animals have normal lumbosacral vertebral identities. The incomplete penetrance could be their successive sclerotomal expression domains, and that experimental perturbations of this spatial regulation in transexplained by stochastic variations, among different animals, of the concentrations of other factors involved in vertebral genic or knockout mice can sometimes lead to genuine atavisms. The major anatomical transitions of the vertebral morphogenesis (including other Hox gene products acting at these levels). A general explanation to account for the extent column are shared by various modern tetrapod species but may be 'transposed', i.e. may occur at variable rostro-caudal of the transformed region could be that 5Ј-located genes act in a more combinatorial manner to specify thoracic, lumbar levels from one species versus another. For instance, the cervical-thoracic transition, which corresponds to the level of or sacral identities than do 3Ј-located genes at the level of cervical prevertebrae. Another explanation is that crosssomites 10-11 in the mouse ( Figure 3A ), occurs at more caudal levels in the chick and more rostral levels in Xenopus. regulatory interactions might exist, such that certain homeoproteins would regulate the promoters of more posterior Two studies have compared the expression boundaries of several orthologous Hox genes in chick and mouse embryos, (5Ј-located) Hox genes. The lack of a given Hox protein would therefore alter the activation process or the expression levels and reached the conclusion that their expression boundaries differed in both species, in concert with the 'transposition' of of other posterior Hox genes, leading to extended posterior transformations. Both hypotheses cannot be resolved at the anatomical transitions along the vertebral column Burke et al., 1995) . These observations further suggest present time since there have been no precise studies of the timing or domains of expression of neighbouring genes in that evolutionary changes in the timing of activation of Hox genes (and thus of their spatial levels of their expression these Hox mutants.
The generation of Hoxa-10 -/-/Hoxd-11 -/-double mutants boundaries) were instrumental in generating interspecific transpositions of vertebral identities. revealed more than additive vertebral phenotypes . Indeed, the transformations of sacral and first caudal vertebrae, which occur inconsistently in Hoxd-11 -/-and are not
Hox genes and limb development
seen in Hoxa-10 -/-mutants, were fully penetrant in double homozygous mutants ( Figure 3C ). The Hoxa-9 and Hoxd-9
The mammalian Hox gene family contains 15 genes related to the same Drosophila gene, Abdominal B (Figure 1 ). In addition targeted mutations resulted in anterior transformations of distinct lumbo-sacral vertabrae ( Figure 3C ). Quite unexpecto their posterior expression domains along the main embryonic axis, most of these Abdominal B-related genes display specific tedly, double null (Hoxa-9 -/-/Hoxd-9 -/-) mutants displayed an overall vertebral phenotype which was comparable to that of expression patterns in developing limbs. There is both a temporal and spatial colinearity in the expression patterns of Hoxa-10 -/-/Hoxd-11 -/-double mutants, both in terms of full penetrance and extent of the vertebral transformations ( Figure  the HoxA and HoxD genes in forelimb and hindlimb buds (Dollé et al., 1989; Yokouchi et al., 1991; Haack and Gruss, 3C) . These similar phenotypes clearly suggest that it is the proper quantitative amounts of homeoproteins, and not only 1993). Both gene subfamilies are sequentially activated, in a 3Ј→5Ј direction, in the highly mitotic posterior and distal the qualitative distributions, that are critical to establish the identities of lumbosacral prevertebrae, in particular for the region of the limb bud mesenchyme, leading to a series of nested expression domains that correspond to more and more positioning of the lumbosacral transition. The fact that expressing a Hoxd-11 transgene in lumbosacral prevertebrae distal presumptive territories ( Figure 4A ). At 10.5-11.5 dpc in the mouse, the proximal transcript boundaries of HoxA can similarly rescue the Hoxd-11 -/-and Hoxa-11 -/-mutant vertebral phenotypes is in agreement genes are perpendicular to the limb proximo-distal axis while those of HoxD cognate genes are similar, although skewed with this idea.
Could the successive vertebral morphologies of modern towards the posterior margin ( Figure 4A ). In contrast, the corresponding HoxC genes are essentially expressed in hindvertebrates have evolved from an atavistic pattern reflected, for instance, in the vertebral column of agnathans or even limb buds and their expression domains do not follow the principle of colinearity (Peterson et al., 1994; Nelson et al. , cephalochordates such as Amphioxus? This question can be discussed in the light of the following results. Transgenic mice 1996). At these stages, the Hoxa-11 gene has the peculiarity of being expressed only in an intermediate stripe ( Figure 4A ). overexpressing the Hoxb-8 or Hoxc-8 gene display vertebral alterations that can be described in terms of atavistic transHoxd-11 was found to be expressed in two successive domains (Davis and Capecchi, 1994; Sordino et al., 1995) : initially, the formations of the thoraco-lumbar region (Pollock et al., 1995) . Indeed, the appearance of supernumerary free ribs on lumbar expression is restricted to the posterior mesenchyme and there is a subsequent shift such that the transcripts extend all along vertebrae at the expense of their pleurapophyses (lateral processes), the presence of costal tubercules on more posterior the distal margin of the limb ( Figure 4A ). This secondary domain is similar to the transcript domains of Hoxd-12 and dribs than in WT mice and the posterior shift of the transitional thoracic vertebra are all reminiscent of the situation found in 13 and encompasses the presumptive territory of the digits. It Later on, these genes show further restriction of expression in the chondrogenic (pre-skeletal) cells. The expression patterns are essentially similar in mouse and chick limb buds, although slight interspecific variations cannot be ruled out. This scheme does not illustrate certain differences observed between forelimb and hindlimb buds (e.g. Nelson et al., 1996) . Abbreviations for the limb axes are: Ant ϭ anterior; Post ϭ posterior; Pro ϭ proximal; Dist ϭ distal. (B) Skeletal alterations in the forelimbs of Hoxd-13, Hoxd-11 and Hoxd-9 mutant mice, as well as Hoxa-9/ Hoxd-9 and Hoxa-11/Hoxd-11 compound mutants. Grey shadings indicate the skeletal elements altered in the single mutants, and checkered patterns those which are more severely affected in double mutants when compared to each of the single mutants ('synergistic phenotypes'). Note that the alterations are spatially restricted along the proximo-distal axis of the limb. They consist mostly of bone truncations and sometimes lack of some elements (note the lack of second phalanges in the digits II and V of Hoxd-13 -/-mutants), as well as abnormal fusions (e.g. between metacarpals and proximal phalanges in Hoxd-13 -/-mutants, or proximal carpal elements in Hoxd-11 -/-forelimbs). See also the abnormal splitting of the os hamatum and the supernumerary digit rudiment (V*) in Hoxd-13 -/-mutant forelimbs, and the splitting of the scapholunatum palmar process in Hoxd-11 -/-forelimbs. Abbreviations: I-V (V*) ϭ digit number; Cp ϭ carpus; dt ϭ deltoid tuberosity; H ϭ humerus; P1-P3 ϭ phalanges; R ϭ radius; slpp ϭ scapholunatum palmar process; U ϭ ulna.
has been postulated both on morphological and embryological and d-13 expression domains remain posterior with no secondary distal shift, further suggesting that this novel aspect of bases that the digit rays would represent neomorphic structures of tetrapod vertebrates (the 'neopodium') while the remainder Hox gene regulation may have evolved to allow the formation of digits in the tetrapod lineage (Sordino et al., 1995 ; Sordino of the limb skeleton (the 'archipodium') would derive from the endoskeleton of the pectoral and pelvic fins of ancestral and . The first evidence for an implication of Hox genes in limb bony fishes (Shubin and Alberch, 1986; Coates, 1995 and references therein) . Recent analyses of a modern teleost fish patterning came from experimental manipulations of chick limb buds in ovo. The posterior margin mesenchyme of the (the zebrafish Danio rerio) have shown that chick limb bud is known as the 'zone of polarizing activity' elements of the hindlimb ( Figure 4B ; . The phenotypic effects of Hoxa-11, Hoxd-11 and (ZPA) since it has the property, when ectopically grafted at the anterior margin, to induce the formation of ectopic structures Hoxd-12 mutations were mainly restricted to the forelimb (Small and Potter, 1993; Davis and Capecchi, 1994; ; (digits) with a reverse polarity (Tickle and Eichele, 1994 and references therein). The same effects can be obtained after Favier et al., 1995) . On the other hand, the Hoxa-10 mutation affected the morphogenesis of the femur and sesamoid bones implantation of a bead soaked in retinoic acid or cells producing the sonic hedgehog (shh) protein at the anterior margin of the of the knee, but had almost no effect on the forelimb . These loss-of-function phenotypes led to a limb bud (Tickle et al., 1982; Riddle et al., 1993) . Since shh gene expression is restricted to the posterior margin of fundamental question: are there specific sets of Abdominal Brelated Hox genes acting in the forelimb or hindlimb? Or could developing limb buds, its secreted product is likely to represent the active signal released by the ZPA. Interestingly, the three the lack of phenotypic alterations in a given limb result from more prominent functional compensations by related Hox gene types of experiments leading to mirror-image digit duplications (ZPA graft, retinoic acid bead implantation and shh ectopic products acting in a partly redundant manner? The second hypothesis appears more likely in view of the limb phenotypes expression) were shown to result in an ectopic activation of HoxD genes at the anterior margin of the manipulated buds.
of Hox compound mutants (see below). In particular, the lack of hindlimb phenotypes could be explained by functional The anterior ectopic expression domains were arranged as 'mirror-images' of the normal, posterior domains and were the redundancy with some of the HoxC gene products, which appear to be expressed in a region-specific manner in the consequence of a sequential activation of the HoxD genes prior to any morphological sign of digit duplication (Izpisùa-hindlimb, but not the forelimb buds (Peterson et al., 1994; Nelson et al., 1996) . Belmonte et al., 1991a; Nohno et al., 1991) . While these experiments provided strong, though circumstantial, evidence A general conclusion from knockout studies is that there is a correlation between the chromosomal location of the genes that successive HoxD gene activation could regulate morphogenetic events leading to limb patterning, direct evidence came and their functional domains, disruptions of 3Ј-located genes affecting more proximal limb structures than mutations of from experiments involving ectopic expression of Hoxd-11 throughout the limb bud using recombinant retroviruses 5Ј-located genes. So far, however, no mutation of Abdominal B-related genes has had detectable effects on the pectoral or (Morgan et al., 1992) . These experiments produced apparent homeotic transformation of the anteriormost hindlimb digit, pelvic girdles. It is possible that the development of these structures depends on some Hox genes which do not belong whereas a supernumerary anterior digit was generated in the forelimbs. These data led to models stating that, according to to the Abdominal B-like subfamily, as suggested by the following arguments: (i) some 3Ј members of the HoxC their region-specific expression domains, Abdominal B-related genes may act as 'homeotic selector' genes to specify the complex (Hoxc-4 to c-8) are expressed in the presumptive regions of the pectoral and/or the pelvic girdles (Nelson et al., identity of various skeletal elements of the limbs (e.g. the digits) (Morgan et al., 1992; Tabin, 1992) . 1996); and (ii) ectopic expression of chick Hoxc-6 induced by local retinoic acid administration correlates with alterations of However, knock-out experiments of murine Abdominal B-related genes did not support such models, since they did pectoral girdle morphology (Oliver et al., 1990) . Towards the distal extremity of the forelimbs, there was a not result in homeotic transformation of limb structures. For instance, disruption of the Hoxd-13 gene, which is specifically partial overlap between the regions affected by the Hoxd-11 and the Hoxd-13 targeted mutations ( Figure 4B ; Davis and expressed in the presumptive digit territory, did not lead to homeotic transformation of some digits (Dollé et al., 1993b) . Favier et al., 1995) . The regions altered in Hoxd-11 -/-mutants correlate with the dual expression domains Instead, Hoxd-13 -/-mutant mice exhibited truncations of most metacarpal and metatarsal bones, truncations or lack of certain of this gene during development. The subtle shortening of the radius and ulna and fusions of the proximal row of the carpus phalanges, as well as supernumerary posterior digit rudiments ( Figure 4B) . Interestingly, the distal row of the carpus harmay be linked to the proximal/posterior expression domain, whereas the shortening of some metacarpal and phalangeal boured an extra bone resulting from the lack of fusion of the two precursor cartilages of the os hamatum (the most posterior bones may involve Hoxd-11 subsequent expression in the autopod ( Figure 4B ). Hoxd-12 loss-of-function produced subtle and distal carpal bone). Analysis of Hoxd-13 -/-mutants at fetal stages revealed that certain digit cartilages were growth defects in some digits, similar to those of Hoxd-11 mutants (Davis and Capecchi, 1996) . This suggested that Hoxd-11, dretarded, while others failed to appear. Furthermore, a marked ossification delay of the digit cartilages was observed post-12 and d-13 could act in the same developmental pathway of the forelimb autopod. The phenotypic abnormalities seen in natally, further underlining the function of this gene in the control of growth and individualization of distal limb skeletal various combinations of trans-heterozygous mutants further implies that these three gene products act coordinately in the primordia.
While the phenotypic alterations of Hoxd-13 -/-mutants were, developing autopod, although 5Ј-located gene products have predominant effects (Davis et al., 1996) . for the most part, similar in the forelimbs and hindlimbs, targeted disruptions of more proximally expressed genes led
The dramatic shortening of the radius and ulna observed in Hoxa-11/Hoxd-11 double mutants ( Figure 4B ), and to a lesser to more contrasting results. Disruption of the Hoxa-9 and/or Hoxd-9 gene(s) affected growth and morphogenesis of the extent in Hoxa-10/Hoxd-11 compound mutants, clearly demonstrated that functional redundancy can occur both between humerus, but had no detectable effect on the femur or other paralogous and non-paralogous Hox genes in regions of the limbs have additional neotenic features further indicates that the morphogenetic sequence of limb skeletal patterning has developing limbs where they are co-expressed (Davis et al., 1995; . Hoxa-9 and Hoxd-9 were also found been delayed or interrupted before its achievement in the autopodal region. This morphogenetic sequence is highly to act in an essentially redundant manner for proper growth of the humerus ( Figure 4B ; . conserved among various tetrapod species (Shubin and Alberch, 1986) . In a parallel manner, the number of Hox genes The humeral shortening of these compound mutants was rather mild, possibly due to functional compensations by other Hox acting in the limbs, as well as their colinear mode of expression, seems to be conserved in all tetrapod species studied so far. gene products expressed in proximal regions of the developing forelimbs.
It is therefore possible that regulatory mutations affecting the timing of Hox gene expression in developing limbs were one It was recently demonstrated that the semi-dominant human synpolydactyly type II syndrome was caused by mutations of of the evolutionary mechanisms allowing the generation of morphological diversity in a highly conserved morphogenetic the HOXD-13 gene (Muragaki et al., 1996) . Intriguingly, this human limb phenotype is more severe (both at the homozygous sequence. In addition, a novel and distal type of regulation of 5Ј-located HoxD genes may have been a major event for the and heterozygous states) than the Hoxd-13 gene disruption phenotype in mice. This paradoxical observation may be appearance of functional digits in early tetrapod evolution. In this context, further investigations or experimental alterations explained by the fact that the human HOXD-13 mutations correspond to in-frame amplifications of a poly-alanine stretch of the temporal and spatial regulation of Hox genes in developing limbs may be fruitful in the future. in the amino-terminal region of the protein, with no alteration of the homeodomain. The resulting mutant proteins are thus expected to have normal DNA-binding affinity, but altered
Functions of Hox genes in the reproductive tract
biochemical properties which would allow them to act as and other developing systems 'dominant-negative' mutants. Interestingly, the incriminated poly-alanine repeat shows interspecific variations between
In-situ hybridization studies have revealed that Hox genes are expressed in spatially restricted domains in a wide array of zebrafish, chick and mouse, clearly suggesting that functional alterations of this domain have occurred during vertebrate developing tissues of ectodermal, mesodermal and, in some cases, endodermal origin (reviewed in Dollé and Duboule, evolution.
A recent study has investigated the consequences of mis-1993). For instance, several Hox genes were found to be expressed in the caudal skin of mice from 14.5 fetal days to expressing the Hoxa-13 gene product, which is normally restricted to the developing autopods, in more proximal regions 2 days post-partum (Kanzler et al., 1994) . So far, however, mice with targeted disruptions of the corresponding genes did of the chick limb buds using a retroviral vector (Yokouchi et al., 1995a) . This resulted in a marked reduction of the not develop noticeable skin abnormalities. Although most Hox knockout studies have focused on neuroectodermal (rhombozeugopodal (radius/ulna or tibia/fibula) cartilages. These alterations have been interpreted as homeotic transformations of meres and cephalic neural crest) and skeletal derivatives, recent data do indicate functions of these genes in other the zeugopodal elements into more distal, carpal/tarsal-like cartilages. This effect could be explained if the function of developing systems. Several studies have revealed a role of Hox genes in the Hoxa-13 was to inhibit cartilage cell growth locally. Another attractive hypothesis was put forward by Yokouchi et al. developing genito-urinary tract. Both male and female Hoxa-10 -/-homozygous mutants appeared to be viable but severely (1995a) who also demonstrated that Hoxa-13 expression conferred homophilic cell adhesive properties in vitro. Thus, the hypofertile Satokata et al., 1995) . Mutant males exhibited variable degrees of cryptorchidism, i.e. ectopic Hoxa-13 protein could confer, in vivo, some of the cell adhesion properties leading to the proper condensation of carpal or location of the testes varying from perinephric to lower abdominal position. Histological examination revealed defects tarsal blastemas.
Both the loss-of-function and misexpression studies have in spermiogenesis typical of cryptorchid testes and accounting for the hypofertility. During fetal development, the descent of clearly established that Abdominal B-related Hox genes control, in a partly redundant manner, the morphogenesis of limb the testes through the inguinal canal is guided by the retraction of a band of mesenchyme, the gubernaculum, which connects skeletal elements. However, there is still limited knowledge of the cellular and molecular events controlled by these genes, the gonad to the scrotal sac. Such a shortening of the gubernaculum did not take place, or was insufficient, in Hoxa-10 -/-especially in terms of target gene regulation. At the present time, one can safely conclude that Hox genes control the mutants, resulting in cryptorchid testes Satokata et al., 1995) . In addition, both the distal part of the proper growth of cartilage condensations, as well as the patterns of fusion or segmentation of individual cartilaginous epididymis and proximal ductus deferens were abnormal in these mutants, with too wide and densely packed coils of condensations. Interestingly, some of the carpal alterations of loss-of-function mutants (such as the abnormal separations of tubules suggesting a partial anterior transformation into proximal epididymis (Benson et al., 1996) . Similar partial transthe scapholunatum palmar process in Hoxd-11 -/-mutants and of the two distal elements that should form the os hamatum formation of the ductus deferens into an epididymis-like morphology has been observed in Hoxa-11 -/-mutants (Hsiehin Hoxd-13 -/-mutants) can be considered both as atavistic and neotenic (normally found earlier in development and Li et al., 1995) . Interestingly, Hoxa-10 -/-mutant females displayed anterior transformation at a corresponding level of abnormally conserved at birth) features. That Hoxd-13 -/-mutant the reproductive tract, since the proximal part (~25%) of the to the erectile tissue of the penis (Dollé et al., 1993b) . This penian bone is the only skeletal element derived from the uterus was transformed into an oviduct-like structure. This transformation was assessed both by histology and by changes genital tubercle, a medial structure that develops through a budding mechanism similar to early limb bud development. in expression of a molecular marker (the Msx-1 homeobox gene), and corresponds to the anterior limit of Hoxa-10 Thus, although several Abdominal B-related genes are coordinately expressed in the genital tubercle, only the most 'posterior' expression in the developing urogenital ducts (Benson et al., 1996) . These data clearly suggest an important function of one (which also shows the highest levels of expression) can cause a rather subtle mutational phenotype in this region. some Hox genes in the developing genito-urinary tract, where they would define regional fates along the antero-posterior axis.
Many of the Hox genes are co-expressed in the developing kidney (metanephros). Whereas individual Hox gene disrupHoxa-10 -/-mutant females were either sterile or gave birth to very small litters. Examination of pregnant females revealed tions produced no detectable kidney abnormality, mice with homozygous mutations of two paralogous genes (Hoxa-11 and failure of implantation and resorption of embryos, essentially due to the maternal environment (Satokata et al., 1995) . Mutant
Hoxd-11) displayed severe renal hypoplasia (Davis et al., 1995) . These data clearly suggest significant degrees of functional uteri displayed reduced vascular permeability in response to implantation and decreased decidualization in response to redundancy between certain Hox gene products in the developing kidney and genito-urinary tract. artificial stimuli. Hoxa-10 mutant female sterility was postulated not to be a direct consequence of the homeotic transforma-
The Abdominal B-related HoxA and HoxD genes are also expressed in a colinear manner in the posterior-most regions tion of the uterus, since embryos transferred in the distal, normal part of the uterus failed to implant, but to result from of of the digestive tract of mouse (Dollé et al., 1991b) , chick (Roberts et al., 1995; Yokouchi et al., 1995b) and zebrafish the lack of Hoxa-10 function during early gestation (Benson et al., 1996) . In support of this hypothesis, expression of embryos (van der Hoeven et al., 1996) . The most 'posterior' murine genes, Hoxd-12 and Hoxd-13, were found to have a Hoxa-10 was documented in the luminal and glandular epithelium of the uterus at 0.5 days of gestation and then in the specific function in the morphogenesis of the terminal part of the hindgut (Kondo et al., 1996) . In wild-type mice, the smooth stroma and developing decidua from 3.5 to 5.5 gestational days (Satokata et al., 1995) . Several other Hox genes were muscle layers of the rectum become thicker towards their posterior extremities to form the internal (autonomous) anal reported to be expressed in the adult uterus (Vogels et al., 1990; Redline et al., 1992) , including the neighbouring gene sphincter. In Hoxd-12 and Hoxd-13 mutant strains, though, the outer muscular layer remains abnormally thin and sometimes Hoxa-11, whose knockout also results in female infertility (Hsieh-Li et al., 1995) . These data suggest that some Hox does not reach the extremity of the rectum. These abnormalities lead to a disorganization of the internal anal sphincter, whose genes, which act primarily in anteroposterior axis patterning, may have acquired a new function in the uterus, which ultimate consequence is the appearance of rectal prolapsus in some of the male mutants. This observation indicates that undergoes a tightly regulated programme of cellular proliferation and differentiation during pregnancy.
'terminal' genes of the HoxD complex are involved in the morphogenesis of the terminal part of the digestive tract. Since Additional studies suggest possible roles of Hox genes in reproduction or early development. The presence of some Hox orthologous genes are expressed in the developing anal region of both vertebrate (zebrafish: van der Hoeven et al., 1996) and gene transcripts has been detected in human oocytes by reverse transcriptase-PCR analysis invertebrate (Drosophila: Celniker et al., 1990 and C.elegans: Wang et al., 1993) embryos, Kondo et al. (1996) proposed (Verlinsky et al., 1995) . The functional significance of this observation, as well as the possible expression of Hox genes that specification of the caudal extremity of the gut was an ancestral function of the 'terminal' (Abdominal B-like) in mouse oocytes, remain to be investigated. Hoxc-4, Hoxc-5 and Hoxc-6 expression has been reported in extraembryonic HOM gene. HOM/Hox genes have been postulated to represent a fundatissue (placental chorionic villous tissue) during the first trimester of human pregnancy (Oudejans et al., 1990) . Hoxd-12 mental genetic system used in most, if not all, animal phyla with bilateral symmetry (Davidson et al., 1995) . Its basic was found to be expressed in the outer cell layer of early embryoid bodies, at a time when extraembryonic lineage function would be to partition undifferentiated and uncommitted cells along the A-P axis of the embryo into areas of specific commitment might occur (Labosky et al., 1993) . However, the functional importance of this early expression may be morphogenetic fates. An important selective advantage of this genetic system is that it has the potential to function additionally questioned since embryoid bodies derived from Hoxd-12 -/-ES cells develop normally in vitro (B.F. and A.Dierich, in specific embryonic fields consisting of 'set aside' cells (Davidson et al., 1995) , i.e. uncommitted and mitotically active unpublished results).
The posterior (Abdominal B-related) HoxD genes are progenitor cells (Duboule, 1995) . A clear example is that part of the Hox family has been used in vertebrates to partition the expressed in both male and female developing genito-urinary tracts according to patterns that fit with the rule of colinearity developing fin/limb buds into areas of various developmental fates. Furthermore, some of these genes have been used again (Dollé et al., 1991a) , suggesting that they may function in these systems, in addition to HoxA genes. No genito-urinary during evolution to define pattern in the neopodium of tetrapod limbs. In this respect, it is possible that Hox genes may also abnormality could be detected, however, in Hoxd-9, d-11 or d-12 knockout mice. Hoxd-13 -/-mutant males displayed a have functions in the few 'set aside' stem cells of adult vertebrates such as the haematopoietic stem cells. Indeed, there subtle alteration of the baculum, a small bone located distally skeleton defects in mice with a targeted disruption of Hoxd-11. Development, were reports that some Hox genes display specific patterns of 120, 2187-2198. expression in haematopoietic cell lines according to their Davis, A.P. and Capecchi, M.R. (1996) A mutational analysis of the 5Ј HoxD differentiation status (Shen et al., 1992; Vieille-Grosjean et al., genes: dissection of genetic interactions during limb development in the mouse. Development, 122, 1175-1185. 1992 ). Furthermore, expression of the Hoxb-8 gene was found Davis, A.P., Witte, D.P., Hsieh-Li, H.M. et al. (1995) Absence of radius and to be deregulated in myeloid leukaemia cell lines (Blatt et al., 
